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Hemimicelles and admicelles are well-investigated wonders in modern science;
they are surfactant monolayers and surface adsorbed micelles, respectively. Capacitance
measurements for monitoring the formation of dodecyl sulfate (DS) surfactant monolayer
on positively charged gold substrates (planar gold) and the adsorbance of 2-naphthol onto
DS surfactant monolayer were performed. The investigation of the electrical control of
DS at various concentrations (4, 6, 16, and 32 mM) below and above the critical micelle
concentration (CMC= 8 mM) on gold surfaces for analyte preconcentration, prior to
chromatographic analysis, is presented. Charged ionic surfactants, such as DS, drawn to a
surface of opposite charge (porous nickel substrates coated with gold) serve as a
stationary phase to trap organic analytes. It is believed that these DS assemblies gain
stability through surfactant chain–chain interactions. The attachment and the removal of
the surfactant are controlled using an electric field. Due to the fact that the surfactantanalyte association is released by electrical control, organic solvents, which are used in
conventional solid phase extraction, are not required, making this procedure
environmentally friendly. Electrical Impedance Spectroscopy was used to investigate the
formation of the DS layer and the preconcentration of 2-naphthol in the presence of an
applied electric field. High performance liquid chromatography was used to determine 2naphthol concentrations. Anthracene and 9-anthracenecarboxylic acid were substituted as
additional test molecules as well. Presented are the results of the preconcentration of 2xi

naphthol, anthracene and 9-anthracenecarboxylic acid using the DS layer with various
concentrations of sodium dodecyl sulfate on a gold electrode surface.
Keywords: Hemimicelles, Admicelles, Micelles, Preconcentration, Organic analytes.
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1. Introduction
1.1 Overview
Solid-phase extraction (SPE) at present is the most popular sample preparation
method. This technique has been applied to a wide range of compound classes and has
undergone considerable development in recent years, with many improvements in
formation, automation, and the introduction of new phases. Its acceptance in routine
analysis as an alternative to liquid-liquid extraction is increasing in different areas—
mainly environmental monitoring—where several official methods for analysis of
organic compounds in drinking water and wastewater use SPE as the sample preparative
method [1].
Supramolecular assemblies have been largely used in analytical extraction and
concentration schemes. Techniques, for example, include micellar-enhanced
ultrafiltration, cloud point extraction, coacervation, surfactant-assisted transport of
solutes across liquid membranes, and reverse micellar extractions [2-6]. These have been
extensively developed in the recent years, and their basic features and practical
applications are also established. Micellar-enhanced ultrafiltration (MEUF) is a method
for the elimination of numerous organic and inorganic pollutants from an aqueous phase.
This process uses the great efficacy of reverse osmosis and the high flux of ultrafiltration.
The main principle is to increase the size of pollutant molecules by forming a complex
with surfactants [2]. Cloud point extraction is the separation and preconcentration of
target analytes using non-ionic and anionic surfactants [3]. Coacervation is the process of
forming liquid rich in polymer phase in balance with an alternative liquid phase [4]. The
liquid membrane process includes the transport of a solute from an aqueous phase
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through an immiscible organic phase to a new aqueous phase [5]. Reverse micellar
extraction is a promising liquid-liquid extraction technique that has the potential to be an
alternative to other techniques due to its high efficiency and selectivity achieved in some
systems [6].
Ionic surfactants adsorb onto metal oxides such as silica, alumina, ferric
oxyhydroxide, and titanium dioxide, forming aggregates termed hemimicelles and
admicelles, which can be used as sorbent materials in SPE. These aggregates consist of
monolayers of surfactants adsorbing head down onto an oppositely charged surface
(hemimicelles) and surfactant bilayers (admicelles). The process in which the analytes are
partitioned between the bulk solution and these aggregates is referred to as
adsolubilization, a phenomenon analogous to micellar solubilization in bulk aqueous
solutions. Surfactant micelles are capable of increasing the solubility of most organic
molecules in water. The mode by which the solubilization takes place is the attraction of
the organic molecule into the surface of the micelle [7].
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1.2 Background: the application of hemimicelle and admicelle in the analytical
chemistry
Hemimicelles and admicelles are thoroughly investigated wonders in modern
science. The definition of these terms is associated with the adsorption of micelles on
surfaces. Fuerstenau in 1955 [8] discovered hemimicelles formations, which are
surfactant monolayers adsorbed at the solid-solution interface and commonly understood
to mean “head-on” formations. Whereas, admicelles are bilayer surfactant formations.
The charged block of ionic surfactants drawn to surfaces of opposite charge and
surfactant chain–chain interactions result in these assemblies. A schematic of these
structures are presented in Figure 1, and they can solubilize a wide spectrum of organic
substances. The ability to solubilize substances in micelles is termed solubilization, and
for admicelles and hemimicelles, the analogous term used is adsolubilization [9]. It is
tempting to consider admicelle sorbents consisting of cationic surfactants coated on
silica. In this case, for preconcentrating phenols, dihexadecyldimethyl ammonium
hydroxide surfactants were coated on silica. It is worth noting that the reaction between
the hydroxide ion of the surfactant and the weakly acidic phenols took place. As a result,
this created an electrostatic hold between the cationic surfactant and the anionic
phenolate analytes [9].
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Figure 1. Micelle, hemimicelle, and admicelle structures in an aqueous solvent [9].

Solubilization is the process of including the solubilizate onto or into micelles [9].
Solubilization may take place in a system having a solvent, an associated colloid, and a
minimum of one other solubilizate. The first part of the solubilization process is the
breaking of the various kinds of intramolecular interactions between the components of
the sample. These intrachains are Van der Waals forces, disulfide bonds, dipole-charge,
hydrogen bonds, electrostatic interactions, dipole-dipole, and hydrophobic interactions.
The second part of solubilization is the separation of the solvent's molecules to provide
space in the solvent for the solute. The last step of solubilization is the interaction
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between the solvent and the solute [9, 10]. A schematic of micellar solubilization of a
fatty substance in water with the use of a dispersant is illustrated in Figure 2.

Figure 2. Schematic of micellar solubilization.
It is important to note that surfactants are amphiphilic molecules, meaning these
molecules have a hydrophobic hydrocarbon tail and a hydrophilic polar head. At low
volume concentrations, surfactant molecules are present in water as solvated monomers,
but at higher concentrations, the hydrophilic polar heads will be on the outside of the
micellar sphere while the hydrophobic tails will be aggregated into the core of micelles
(Figure 3). Admicelle complexes are formed at surfactant concentrations below the
critical micelle concentrations (CMC), but micelles are formed at surfactant
concentrations above the CMC [9].
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Figure 3. Surfactant molecules at low concentrations (monomers) and high concentration
(micelles).
Hemimicelles or admicelles may form on surfaces depending on solution pH, the
concentration of surfactant in solution, surface type, and electrolyte concentration [11].
The surface properties of the surfactant-coated particle are altered by the attached
surfactant, and this quality can be used in the extraction of a specific analyte. These
findings have been shown by Borve et al. [12]. The extraction of polyaromatic
hydrocarbons [13], chlorophenols [14-16], and phthalates [17] with either a sodium
dodecyl sulfate SDS- or dialkylsufocuccinate-alumina sorbent have been presented.
Dialkyl chained surfactant coating have greater hydrophobic properties than single
chained SDS-coated alumina [17].
At present solid-phase extraction (SPE) is the most popular sample preparation
method. It is used for concentrating, purifying, and separating of analytes. SPE is a
method capable of separating compounds in a solution from other compounds according
to their chemical and physical properties. SPE is used to separate analytes of interest
from a general variety of assays, including blood, urine, soil, water, beverages, and
6

animal tissue. SPE is currently the most widely adopted method for enhancing low
concentrations of constituents from a liquid solution [1].
It is of interest to consider the steps of SPE. A typical SPE consists of four basic
steps: conditioning, loading, washing, and elution [1]. The equilibration of the cartridge
with a slightly polar or non-polar solvent, which saturates the surface and permeates the
bonded phase is the first stage. Then a buffer of the same composition as the sample is
passed through the column to wet the silica surface. The sample is then introduced into
the cartridge. As the sample passes through the stationary phase, the non-polar analytes in
the sample will interact and retain on a non-polar sorbent while the solvent and other
polar substances pass through the cartridge. After the sample is loaded, it is washed out
with a polar solvent to remove interferences. The analyte is then removed with a nonpolar solvent (Figure 4).
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Figure 4. Stages of solid phase extraction (SPE).
A stationary phase of non-polar functionally bonded silica with small carbon
chains often makes up the solid phase. This permanent phase will adsorb non-polar
molecules, which can be collected with a non-polar solvent [1].
A great deal has been written about hemimicelles and admicelles of
cetyltrimethylammonium bromide (CTAB) and cetylpyridinium chloride (CPC),
adsorbed onto silica [18]. They are sorbents used for the SPE of linear
alkylbenzenesulfonate. It has been established that the application of ammonium
quaternary admicelles permits the use of hemimicelle/admicelle based SPE to the
extraction of anionic solutes by electrostatic interactions. As a result, the extraction of
aromatic compounds has become easier.
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Mixed hemimicelle/admicelle adsorbents show great extraction efficiency for
polycyclic aromatic hydrocarbons (PAHs) and good selectivity for natural organic
substances. PAHs are regularly found together in groups of two or more. The linear alkyl
benzenesulfonates (LAS) can form hemimicelles/micelles. SPE of PAHs was conducted
by adding organic analytes and LAS through a column filled with 500 mg of eggshell
membrane. Various factors were studied including LAS concentration, solution pH, ionic
strength, and humic acid concentration on the effect of recoveries of PAHs. It is worth
noting that LAS concentration and the pH of the solution had an important effect on
extraction of PAHs, and the recovery of PAH compounds failed in the presence of salt
and humic acids [19].
Pérez-Bendito et al. [20] reported that hemimicelles or admicelles of SDS on
alumina and CTAB on silica were used for the concentration and purification of the
estrogens estrone, 17 - beta-estradiol and ethynylestradiol. The cooperation between
analyte-sorbent hydrophobic and cation-pi interactions resulted in analyte retention.
Parameters affecting the SPE of estrogens on both types of sorbents were examined.
Adsolubilization was quantitative for SDS hemimicelles/admicelles and CTAB
admicelles. The underlying assumption is that SDS hemimicelle-coated alumina was the
selected sorbent due to the lower elution volume required and the higher sample flow rate
permitted. The combination of estrogen adsolubilization-based SPE with liquid
chromatography-diode array/fluorescence detection permitted the quantification of the
target compounds from 20 to 100 ng/L. The authors asserted that the recovery for the
estrogens in these environmental matrices (raw and treated sewage and river samples)
was between 85 and 105% as well.
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The more detailed discussion of this issue may be found in the works of PérezBendito el at. in 2004 [7]. Their results established the suitability of surfactant-coated
mineral oxides as sorbents for SPE of organic compounds. Their versatility for this
application comes from the fact that different mechanisms of stabilization of analytes can
be used, namely ion-exchange, hydrophobic interactions, ion-pair formation. The authors
proved the suitability of admicelles to concentrate highly water-soluble organic ions from
drinking water. It is worth noting that an on-line setup coupling of
hemimicelle/admicelle-based SPE to LC can be used in any laboratory, and the
regeneration of the sorbent can be achieved by removing the micellar aggregates with
organic solvents or changing the pH. This way, a new sorbent can be prepared for every
run. The micellar aggregates possess a dynamic nature. Therefore, special attention must
be paid to method developments and optimization to achieve an accurate interpretation of
the data obtained. In this context, guidelines can be established, as follows:
1. The effect of parameters affecting SPE (e.g. pH) on the surfactant adsorption isotherms
must be known.
2. Partition constants of analytes will probably change the type or amount of sorbent, and
because of this, the original parameters should be kept constant.
3. pH affects the charge density of the mineral oxide surface. For a fixed amount of
mineral oxide, the amount of sorbent available for adsolubilization increases at
determined pH values because the pH values affect the charge density of the mineral
oxide surface.
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Suen et al. [21] have proposed that strong cation exchange membranes,
immobilized with octadecyltrimethylammonium hydroxide surfactants, have been
successfully prepared and applied to the solid-phase extraction of phenolic compounds
from water. The best surfactant immobilization procedure demands a HCl prewashing
stage for activating the ion exchange groups. It has also been proposed to use a high
surfactant feed amount. High enrichment factors and high recoveries were achieved if an
aqueous alcohol solution was used as the eluent. These findings imply the entire process
time is short, and the pressure drop is low. Therefore, this method is both time-saving and
energy-saving. Moreover, scale-up can be easily achieved by stacking more membranes
together without any deterioration in performance. In considering these factors, it is first
important to highlight that hemimicellar/admicellar surfactant-immobilized membrane
design may provide a beneficial alternative for preconcentrating hydrophobic
components such as phenolic compounds.
The advantages of admicelle and hemimicelle SPE are:
1. High rates of absolute concentration for small sample volumes;
2. Low cost of analysis and absence of organic solvents;
3. Possibility of extraction of hydrophobic and hydrophilic analytes;
4. Environmental safety and inertness to biologically active substances;
5. The possibility of combining with physical and chemical methods of analysis.
The investigations of Suen et al. [22], include the immobilization of
trimethylstearylammonium hydroxide/methoxide surfactants onto two types of durable
cation-exchange membranes. An important factor for the surfactant immobilization
capacity was the cation-exchange capacity of the membranes. Also, the author stated that
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a larger sample volume could be processed by using a membrane with a doubled cationexchange capacity. The surfactant forming membrane had a hemimicellar, admicellar, or
mixed structure and was controlled by the feed surfactant concentration. The author
showed that membranes with 100% surfactant immobilization were used for the
adsorption of phenolic compounds. In summary, this surfactant-immobilized membrane
may be applied to the concentration of dilute hydrophobic analytes from water samples.
An important phenomenon in modern chemistry is the aggregation of surfactants
at solid surfaces. Important factors include the surfactant molecular structure,
hydrophilicity-hydrophobicity of the substrate surface, ionic strength, and the nature of
the counter ion. It has long been known that the amount of charge the solid surface has a
significant effect on the surface assembly of nonionic and ionic surfactants.
Electrochemistry affords a great opportunity to research the effect of surface charge on
the behavior of adsorbed surfactant molecules [23].
In the paper of J. Lipkowski et al. [24], dodecyl sulfate monolayers can be formed
on gold surfaces by controlling surface potential. Controlling the potential of a gold
surface results in different shapes and sizes of surfactant formations of DS. The author
considered the potential controlled adsorption and aggregation of three prototypical
surfactants on Au (111) surfaces in which surfactant had the same hydrocarbon tail length
but different head groups. All three surfactants were controlled by the surface potential
density of the electrode potential and the concentration of surfactant. It has been
established that all three systems can form monolayers, which take place when there are
small applied charge densities and surfactant concentrations less than 0.1C/CCMC. The
monolayers consist of bilayers, which consist of two lines of molecules. The tails of
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molecules in one line are oriented toward the tails of molecules in the second line, and
the polar head groups are turned outward forming the rim of the molecular stripe. The
structure is stabilized by Van der Waals, chain–chain, and chain–substrate interactions. It
is important to note the initial adsorption stage is determined by the nature of the head
group and the electrode’s crystallography. By increasing surfactant concentrations, these
two-dimensional bilayers shape the formation of three-dimensional surface aggregates.
Therefore, the nature of the head groups plays an important role, and different
morphologies can be observed for different types of surfactant molecules. In the other
hand, using Israelachvili’s packing parameter, the geometry of surfactant aggregates in
the bulk solution can be predicted [25]. This parameter varies as a consequence of
electrostatic interactions of the polar head with the charge at the electrode surface and as
a result of co-adsorption of counter ions from the electrolyte [26, 27]. At the electrode
surface, the packing parameter influenced by the charge or electrode potential, and the
morphology of the surface aggregates changes upon adjustment of the electrical state of
the metal. The authors have provided evidence of the electric field driven conversions of
monolayers into hemicylindrical hemimicelles and changes between hemicylindrical
structures into interdigitated bilayers and more multifarious composite structures.
The theoretical problems associated with the number of SDS molecules per unit
cell of the long-range hemimicellar structure has been discussed [28]. The area of the
unit cell of the two-dimensional lattice of hemimicellar SDS aggregates was equal to 206
Å2. It was indicated that the adsorption isotherm for the limiting Gibbs excess of
hemimicellar structure was 4.0 x10-10 mol/ cm2. Using these data, the authors reported
there were five SDS monomer units per unit cell. In the condensed state, the surface
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concentration of SDS was doubled. Such a growth of the surface concentration of the
surfactant proposes the opportunity of bilayer creation. It was observed that the
hydrocarbon tails of the SDS molecules are tightly packed. A very high packing density
of negatively charged molecules may be possible only if the charge of the anionic polar
heads is well separated by the counter charge on the metal. Studies on the hemimicellar
and condensed states have indicated that the main differences in the former, the force
varies periodically in the direction parallel to the surface, reflecting periodicity of the
hemimicellar structure, while in the latter, the force is uniform across the surface.
Previous research investigated the effect of changing SDS concentration on the
capacitance [29]. These experiments revealed the formation of different surfactant layers
relative to the change of SDS concentration. It was found that the lowest capacitance was
achieved when 4 mM of SDS was used, while at higher SDS concentrations (greater than
4 mM), the capacitance of the gold electrode starts to increase. It was concluded that at a
concentration of 4 mM SDS, a monolayer of DS surfactants (hemimicelle) was formed on
the gold electrode and resulted in a drop in the surface capacitance. Also, at SDS
concentrations greater than 4 mM (excess of SDS), a bilayer of DS surfactants
(admicelle) was formed on the gold electrode which resulted in a gradual increase in the
capacitance (Figure 5). In the hemimicelle formation, the hydrophobic portion (DS
organic tail) faced the solution. In contrast, in the admicelle formation, the polar head
(SO4 -) faced the solution. However, various SDS concentrations (4, 6, 16, 32 mM) with 2
ppm 2-naphthol were investigated in this thesis work in the preconcentration
experiments.
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Figure 5. The capacitance measurement with different SDS concentrations after 80
cycles.
In this work, the investigation of the electrical control of DS surfactants on gold
surfaces for analyte preconcentration prior chromatographic analysis step is presented.
The formation of DS surfactant monolayer (hemimicelle) was exploited for analyte
preconcentration. The aim was to use an applied potential of 0.6 V vs. Ag/AgCl for
accomplishing the DS layer in the form of hemimicelle on the positively charged gold
working electrode. Following by the absorption of 2-naphthol on the DS layer, based on
the hydrophobic-hydrophobic interactions which can occur between the DS organic tail
and the two benzene rings of 2-naphthol. Because the surfactant-analyte association is
released by electrical control, organic solvents, which are used in conventional solid
phase extraction, would be not required. Therefore, this procedure was predicted to be
environmentally friendly.
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2. Experimental part
Sodium dodecyl sulfate (SDS) and 2-napthol were purchased from SigmaAldrich. 2-naphthol was used during this study because it has a similar chemical structure
of the environmentally hazardous materials such as phenols and their derivatives. 2naphthol is an organic compound that is composed of two aromatic rings, the
hydrophobic portion, which facilitates its adsorption onto the DS surfactant layer, an –
OH group at the 2-position, provides some hydrophilic properties giving 2-naphthol some
water solubility (Figure 6). In addition, a SDS molecule consists of a carbon chain tail
which is the hydrophobic part (i.e. non-polar), and the sulfate head which is the
hydrophilic part (i.e. polar or charged). By having both of these properties, SDS is
soluble in both water and non-polar organic solvent (Figure 7). During the DS surfactant
layer formation, the attraction of the positively charged surface (gold surface) and the
negative charge on the oxygen of the sulfate group, together with the chemical affinity of
sulfate for gold, facilitate the formation of the DS monolayer on gold.

Figure 6. The chemical structure of 2-naphthol.
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Figure 7. The chemical structure of Sodium dodecyl sulfate (SDS).
2.1 Standard solutions
All the chemicals were of analytical reagent grade. First, a stock solution of 100
ppm 2-naphthol was prepared by dissolving 0.025 g in 250 mL of de-ionized water. In
addition, 32 mM of SDS was prepared by dissolving 4.614 g in 500 mL of de-ionized
water. A stock solution of 100 mM sodium sulfate was prepared by dissolving 0.7102 g
in 50 mL of de-ionized water. The working standard solutions of 2 ppm 2-naphthol, (4
mM, 6 mM, & 16 mM) of SDS, and 1 mM of Na2SO4 were prepared daily from the stock
standard solutions.
2.2 Major instrumentations and materials were used
Impedance spectroscopy measurements were made using a model PARSTAT
2263 (Princeton Applied Research). A nickel gold-coated column was constructed to
investigate the DS surfactant monolayer formation on a gold surface. For the
electrochemical step, the gold substrate was connected to the working electrode through a
Pt wire, while another Pt wire served as the counter electrode, and an Ag/AgCl (saturated
KCl) electrode served as the reference electrode. All scanning electron microscope
images were taken with a Scanning Electron Microscope (SEM) (JSM-6510LV with a
LAB6 Gun) in the Biology Department of Western Kentucky University. The high
performance liquid chromatograph (HPLC) was composed of a 9012 pump, a C8 column,
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and two different detectors: a Prostar 330 PDA detector, and a Prostar 363 fluorescence
detector, all from Varian. The mobile phase was a mixture of HPLC grade methanol and
water in a 70:30 ratio and was pumped at a rate of 0.5 mL/min for 10 minutes for 2naphthol and 15 minutes for anthracene. For detection, the wavelength range of the
photodiode array detector was set from 200 nm to 400 nm with a monitored wavelength
of 250 nm, while the excitation-emission wavelengths of the fluorescence detector were
set at 350 nm and 400 nm respectively. The nickel gold-coated column was constructed
using a 50 mL test tube; Teflon parts; aluminum parts; O-ring; Teflon tubing; a glass bar
which helps divert the solution toward the wall of the column; and 10 nickel gold-coated
pieces (3 x 4 cm2) were rolled and placed at the bottom of the column (Figure 8, and 9).

Figure 8. Nickel gold-coated column.
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Figure 9. Nickel gold-coated pieces (3 x 4 cm2).
2.3 Capacitance measurements for monitoring the formation of DS monolayer on
positively charged gold substrates
Gold slides were purchased from Evaporated Metal Films Corporation. The slides
have a dimension of 25 mm x 75 mm x 1 mm with 50 Å Ti initially coated on the glass
and a 1000 Å Au layer evaporated on top of the Ti layer. Electrochemical Impedance
Spectroscopy (EIS) has been performed using a PARSTAT 2263 (Princeton Applied
Research) for the investigation of the DS surfactant monolayer formation on the gold
surface. A 5-mL electrochemical cell was used to allow solution contact with the gold
slide. Multiple cyclic voltammetry (CV) scans were used to clean the gold surface. Five
mL of a cleaning solution, which consisted of 0.1 M sulfuric acid (H2SO4) and 5 mM
potassium chloride (KCl), were spiked into the cell. The cleaning procedure using this
solution involved three stages. The first stage was performed by running 10 CV cycles
from 0.2 V to 0.9 V, the second stage was performed by running 10 CV cycles from 0.2
V to 1.2 V, and the third stage was performed by running 10 CV cycles from 0.2 V to 1.5
V. After that, the experiment was directed over three stages. The blank stage was
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performed by loading 5 mL of 1 mM Na2SO4 as a supporting electrolyte into the
electrochemical cell, and then 50 capacitance cycles were taken at 0.6 V vs. Ag/AgCl;
then the cell was turned off. Next, the SDS stage was performed by loading 5 mL of 4
mM SDS prepared with 1 mM Na2SO4, then 50 capacitance cycles were taken at 0.6 V
vs. Ag/AgCl. Next, the cell was kept on, and the SDS solution was exchanged with 1 mM
Na2SO4 solution. Finally, the 2-naphthol stage was performed by introducing a cell
concentration of 2 ppm 2-naphthol and then 50 capacitance cycles were taken at 0.6 V vs.
Ag/AgCl.
2.4 The column procedure involving three steps
2.4.1 The control experiment
This experiment was conducted to monitor whether there is a reduction of 2naphthol concentration with the absence of both an electric field and SDS. 40 mL of 2
ppm 2-naphthol was added into the column. A 60-mL syringe pump, which was
purchased from Fisher Scientific, was used manually in a continuous back and forth
motion for 4-5 minutes to mix the solution in and out of the column. An aliquot was
taken and injected into the HPLC for 2-naphthol peak area determination. Due to a
consistent residual volume of water that remains between the gold substrates, a sample
was taken at the beginning of each stage to measure the change in 2-naphthol
concentration. Afterward, the column was cleaned with 50% methanol and rinsed with
de-ionized water 6-8 times to remove traces of methanol.
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2.4.2 The electric field blank experiment
The same setup that was performed in step 1 was used except that potential of 0.6
V vs. Ag/AgCl was applied during the 45 minutes to create an electric field at the surface
of the electrode. This experiment was conducted to monitor whether there is a reduction
in 2-naphthol concentration in the presence of the electric field and in the absence of
SDS. First, a solution of 2 ppm 2-naphthol and 1 mM Na2SO4 was prepared in 40 mL of
de-ionized water and spiked into the column. From this test, a sample of 2-naphthol was
taken and injected into the HPLC to determine the 2-naphthol cell concentration before
the application of an electric field. A potential of 0.6 V vs. Ag/AgCl was then applied to
the gold working electrode for 45 minutes. While the cell was on, an aliquot of the
solution containing 2-napthol solution was taken and injected into the HPLC for the 2naphthol peak area determination. Also, the same experiment was conducted using an
applied potential of 0.8 V vs. Ag/AgCl. In addition, two other types of supporting
electrolytes (1 mM of KNO3, 1 mM of sodium phosphate buffer of pH7) and plain water
were used to investigate the effect of changing electrolytes on the 2-naphthol
concentration.
2.4.3 Preconcentration experiment
This experiment involved three stages: DS layer formation, extraction, and
releasing of 2-naphthol. First, 40 mL of 4 mM SDS was prepared in 1 mM Na2SO4 and
loaded into the column. Next, the syringe pump was used manually in a continuous backand-forth motion, prior to the application of the electric field, to remove the bubbles
produced during the loading of SDS solution and to make sure that no bubbles remain
between the gold substrates. Next, 0.6V vs. Ag/AgCl was applied to the gold working
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electrode for 50 capacitance cycles which last for 45 minutes (1 cycle/0.9 min). At this
point, the negatively charged DS surfactant (the oxygen in sulfate group of DS surfactant)
was attracted to the positively charged surface (gold substrate) and a DS surfactant
monolayer formed. After 45 minutes of delay time, the SDS solution was exchanged with
1 mM Na2SO4 solution to remove the excess SDS (unbound to the gold). This process
was performed using a 60-mL syringe to remove the solution from the top of the column
and exchange it with 1 mM Na2SO4 solution multiple times. Afterward, while the cell
was on, 800 μL of 100 ppm 2-naphthol was spiked into the column, and the volume was
diluted to 40 mL to provide a solution concentration of 2 ppm 2-naphthol. Next, the
solution mixture was left for 45 minutes to reach an equilibrium condition and for 2napthol to be adsorbed onto the DS surfactant monolayer. When the extraction stage was
finished, an aliquot of the solution containing 2-naphthol solution was taken while the
cell was on and injected into the HPLC for 2-naphthol peak area determination. Next, the
releasing stage involved applying a negative potential of -0.6 V vs. Ag/AgCl to the gold
working electrode and then turning the cell off to remove both the DS layer and the
adsorbed 2-naphthol. Another sample of the solution containing 2-naphthol solution was
taken while the cell was off and injected into the HPLC for monitoring the gradual
change in 2-naphthol concentration. Finally, the solution was completely drained out of
the column, and 10 mL of 70% methanol was added. The solution was then mixed
multiple times using a syringe pump. An aliquot of this solution was taken and injected
into the HPLC for 2-naphthol peak area determination. The same experiment was
performed using various SDS concentrations: 6 mM, 16 mM, and 32 SDS.
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2.5 Anthracene control experiment
100 ppm of anthracene stock solution was prepared in HPLC grade methanol by
adding 0.01 g of anthracene to 100 mL of the solvent. Because the solubility of the
anthracene in water is very low, 0.04 ppm anthracene aqueous stock solution was
prepared in 1 L of de-ionized water. In addition, the working standard solution of 0.01
ppm anthracene was prepared daily from the aqueous stock solution of 0.04 ppm.
However, because the column was made of Teflon tubing components (hydrophobic
material), anthracene, which is a hydrophobic molecule, was attracted to these
hydrophobic sites, and therefore the column was not used in this step. Instead, a 300-mL
glass beaker was used to monitor the adsorption of anthracene on gold substrates. First,
10 nickel gold-coated pieces (3 x 4 cm2) were placed in the beaker. Next, 300 mL of 0.01
ppm anthracene was prepared and loaded into the beaker. Then, a glass stirrer was used
for mixing the solution for 2 hours. Additionally, an aliquot of the solution containing
anthracene solution was taken and injected into the HPLC every 10 minutes to monitor
the gradual decrease in anthracene solution concentration. Next, 200 mL of 70 %
methanol (HPLC grade) was prepared and used as a rinsing solution. Finally, the 10
nickel gold-coated pieces were rinsed four times (50 mL each) then an aliquot of this
solution was injected into the HPLC each time to determine how much anthracene was
adsorbed onto the gold substrates. Likewise, the same procedure was performed with 10
bare nickel pieces "uncoated nickel" (3 x 4 cm2) to monitor the adsorption of anthracene
on nickel for comparison with nickel gold-coated experiment. In these two experiments,
mass balance measurements were used to account for all of the anthracene (solution and
surface bound).
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2.6 9-anthracenecarboxylic acid control experiment
100 ppm of the 9-anthracenecarboxylic acid stock solution was prepared in HPLC
grade methanol by adding 0.01 g of 9-anthracenecarboxylic acid to 100 mL of the
solvent. Because the solubility of the 9-anthracenecarboxylic acid in water is very low,
0.04 ppm 9-anthracenecarboxylic acid aqueous stock solution was prepared in 1 L of deionized water. In addition, the working standard solution of 0.01 ppm 9anthracenecarboxylic acid was prepared daily from the aqueous stock solution of 0.04
ppm. As discussed before in the anthracene control experiment procedure, the column
was not used in this step. Instead, a 300-mL glass beaker was used to monitor the
adsorption of 9-anthracenecarboxylic acid on gold substrates. First, 10 nickel gold-coated
pieces (3 x 4 cm2) were placed in the beaker. Next, 300 mL of 0.01 ppm 9anthracenecarboxylic acid were prepared and loaded into the beaker. Then, a glass stirrer
was used for mixing the solution for 2 hours. Additionally, an aliquot of the solution
containing 9-anthracenecarboxylic acid solution was taken and injected into the HPLC
every 20 minutes to monitor the gradual decrease in 9-anthracenecarboxylic acid solution
concentration. Next, 200 mL of 70 % methanol (HPLC grade) was prepared and used as a
rinsing solution. The 10 nickel gold-coated pieces were rinsed four times (50 mL each)
then an aliquot of this solution was injected into the HPLC each time to determine how
much 9-anthracenecarboxylic acid was adsorbed onto the gold substrates. Finally, mass
balance measurements were used to account for all of the 9-anthracenecarboxylic acid
(solution and surface bound).
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2.7 Micro-Lab techniques for gold deposition on Monel alloy
2.7.1 Cleaning procedure
Careful preparation was necessary for proper bonding of gold to the base metal.
Gold chloride is less tolerant of impurities than that of cyanide baths. This sensitivity to
impurities was observed as deposition on the substrate in various oxidation states and
colloidal formation during electroplating in either a rose or deep purple color. Placement
of the anode was also very important; this influenced the plating patterns and the quality
of gold coating observed on the substrate material. Ultimately, this resulted in the
development of a bath apparatus with a platinum electrode capable of encompassing the
substrate metal by 360 degrees.
The Monel alloy was selected first for this project. In this section, the preparation
processes and the performance characteristics discovered during the electrochemical
experiments were covered. Monel is an alloy of nickel and copper in which both metals
are soluble in any proportion; this is known as a solid solution alloy. This alloy is highly
resistant to corrosion and was selected for this project for that reason. The Monel’s strong
resistance to corrosion required a relatively strong chemical activation before the gold
would permanently bond to the alloy. Traditional chemical activation methods were
unsuccessful (usually a 50 % HCl solution at approximately 45-50o C). Details of the
preparation and activating, as well as the electrodeposition process are discussed in the
next section.
HCl was obtained from Fisher Scientific, gold chloride solution was obtained
from Sigma-Aldrich, and electrochemical cleaning powder "ElectrokingTM" was obtained
from Gold Touch Inc. The Monel utilized in this experiment was a woven wire cloth. The
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wire diameter was approximately 33 μm and the pore area (size) was approximately
60.0×10-6 m2. The pore size was not consistently distributed throughout the surface of the
woven mesh. All SEM images were taken with the SEM (JSM-6510LV with a LAB6
Gun) in the Biology Department of Western Kentucky University. Once the Monel was
the desired shape, it was washed using cleaning solution (Sparkleen) and rinsed in deionized water. The Monel was then placed in a 95 - 100° C degreasing bath containing
Electroking ™ at a concentration of 1.0 gram Electroking™ to 100 mL de-ionized water.
The mesh plates were degreased for 45-60 minutes. The plates were then rinsed in nanopure water. Once rinsed thoroughly, the woven mesh plates were stored in nano-pure
water, which was purged with argon at a continuous rate of 0.1 cfm.
2.7.2 Activation Solutions and plating procedure
Activation solution was prepared by adding 25 mL concentrated nitric acid, 75
mL glacial acetic acid, and 1.5 mL of HCl to a Pyrex beaker. All the solutions were
obtained from Fisher Scientific. The solution temperature was consistent at 25° C. The
activation solution consists of the fully concentrated acids mixed at their respective ratios
and so must be confined to a vent hood at all times. The plating procedure was conducted
in a 100-mL beaker as a reaction cell containing 30 mL of 5.88 mM of HAuCl4 gold
chloride, 10 mL of 0.15 M of HCl "gold bath solution" and 60 mL of de-ionized water.
The solution was circulated with a 0.5 cm magnetic stir bar rotating at 160 rpm. The
plating tank was fully assembled and securely positioned for magnetic stirring. Once the
apparatus was secured, the DC power supply (preset to 5.4 V DC) was connected, and
plating solution was then added. Once activation and plating solutions were prepared, the
Monel mesh was removed from the argon purged nano-pure water. Next, the Monel plate
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was pre-connected to a platinum wire to serve as a working electrode (cathode) and
dipped for 3 seconds in the activation solution, and another platinum wire was coiled and
placed in the 100-mL beaker (reaction cell) to serve as a counter electrode (anode). The
Monel was then removed and rinsed with nano-pure water completely and immediately
immersed into the gold bath. Plating was continued until a complete uniform gold coating
was observed. The plated Monel was then removed from the bath and rinsed with nanopure water and gently dried with purified air. Finally, SEM images were taken for both
uncoated Monel and Monel-coated gold for further surface analysis.
2.8 The process of Nickel coated with Gold
The nickel mesh that was used for gold plating was obtained from Dexmet. The
pore size of nickel mesh was 6.4 x 10 -4 cm2. The plating procedure was conducted in a
100-mL beaker as a reaction cell containing a solution of 5.88 mM of HAuCl4 gold
chloride and 0.15 M HCl "gold bath solution" mixed in a ratio of 3:1.
The nickel sheet was cut into 10 nickel pieces (3 x 4 cm2). Then, 5 g of the
cleaning powder "ElectrokingTM" were dissolved in 500 mL of de-ionized water. Next,
the ten nickel plates were placed in the cleaning solution and stirred and heated to the
boiling point for 3 hours. Afterward, the nickel plates were rinsed with de-ionized water
multiple times and then sonicated in methanol for 15 minutes using an ultrasonic cleaner
(3510 Bransonic). Then, the ten nickel plates were dried at 40o C for 5 minutes. An
activation solution of 50:50 hydrochloric acid and water was prepared to remove the
oxide layer on nickel surface and make the nickel surface more active and ready for gold
deposition. The temperature of the activation solution was maintained at 60-70o C. A
nickel piece was connected to a platinum wire to serve as a working electrode (cathode),
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and another platinum wire was coiled and placed in the 100-mL beaker (reaction cell) to
serve as a counter electrode (anode). The nickel piece was then immersed into the
activation solution for 2 minutes (bubbles formation on nickel surface is a good indicator
that the cleaning of nickel surface takes place). 0.5 V was used for the gold plating
procedure. After that, the nickel piece was placed into the plating solution (a ratio 3:1 of a
mixture of 5.88 mM of HAuCl4 and 0.15 M of HCl) for about 2 minutes. Next, the nickel
piece was air dried. Then, a quick wiping test was performed using a tape to make sure
the coated gold did not come off easily. Furthermore, SEM images were taken for both
bare nickel and nickel-coated gold for further surface analysis.
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3. Results and discussion
3.1 Capacitance measurements for monitoring the formation of DS monolayer on
positively charged gold substrates

Capacitance measurments
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Stage III: 2-naphthol
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Figure 10. Capacitance measurements at three different stages: Stage I: 1 mM Na2SO4;
Stage II: 4 mM SDS in 1 mM Na2SO4; Stage III: 2ppm 2-naphthol in 1 mM Na2SO4.
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Figure 11. Schematic representation of the capacitance measurements that shown in
Figure 10.
As shown in Figure 10 and 11, three capacitance stages were performed at an
applied 0.6 V vs. Ag/AgCl using a 5-mL electrochemical cell, a gold slide (planar gold as
working electrode), a platinum wire as a counter electrode, and a Ag/AgCl / (saturated
KCl) electrode served as the reference electrode. The purpose of these experiments is to
see the changes in capacitance values when a new layer formed on the gold surface. The
first 25 cycles (22.5 minutes; 1/0.9 cycle/min) of each stage are the time required for the
solution to reach an equilibrium. It was found that the initial capacitance of the gold
surface dropped after each stage, and this was attributed to the presence of a new layer
formed on the gold surface. First, stage I is the blank capacitance measurement of gold
with 1 mM Na2SO4 (supporting electrolyte), these capacitance measurements were
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conducted to monitor the change in the capacitance values and were compared with next
two stages. Then, after the first 50 cycles (Na2SO4 stage), the cell was turned off and
rinsed with de-ionized water multiple times, then 5 mL of 4 mM SDS solution prepared
in 1 mM of Na2SO4 was loaded into the cell. Stage II is the "SDS stage". The aim was to
get a DS surfactant monolayer formed on the gold surface. The drop in capacitance
values in the second stage revealed the formation of the DS surfactant monolayer on the
gold surface. At this point, the polar head (SO4 -) of the DS was attracted to the positively
charged gold surface, and DS's organic tail, facing the solution, resulted in dropping in
capacitance. Whereas, the increase in the capacitance measurement at the beginning of
this stage "SDS stage" was due to the time required for the system to reach equilibrium.
Lastly, stage III "2-naphthol stage", 2 ppm 2-naphthol was spiked with 1 mM Na2SO4
while the cell was on. In this stage, further reduction in the capacitance was observed and
was attributed to the adsorption of 2-naphthol onto DS surfactant monolayer.
3.2 The column procedure
In order to get the DS surfactant monolayer formed onto the gold surface, our
electrical impedance spectroscopy (EIS) instrument was used by applying a positive
charge (0.6 V vs. Ag/AgCl) on the working electrode. The working electrode was a
porous nickel mesh obtain from Dexmet and was cut into ten square pieces (3 x 4 cm2)
and coated with gold. These ten square pieces were coiled and placed into the column to
provide a surface area about 245.5 cm2. This porous gold surface provides a larger
surface area than planar surfaces. However, with this design (10 pieces were put one
upon another in coiled form), it was difficult to monitor capacitances due to a more
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complex porous surface. However, HPLC was used to monitor the change in 2-naphthol
concentration.
3.2.1 The control experiment
The procedure of a control test (step 1) involved the analysis of two samples:
First, a premixed sample was taken after loading 40 mL of 2 ppm 2-naphthol and mixing
with syringe pump one time. It was found that there was about 6 - 12% drop in 2naphthol concentration due to the consistent residual volume of water that remains
between the gold substrates after each experiment. Another sample was taken after 4 -5
minutes of mixing to observe any further reduction in 2-naphthol concentration. It was
found that there was almost no significant change in 2-naphthol concentration (Figure
12). It could be concluded that there was no significant reduction caused by the column
components. However, the majority of the drop in 2-naphthol concentration was due to a
dilution resulting from the residual volume of water (3-4 mL) that was left after every
experiment.
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Control experiment
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Figure 12. The differences in peak areas for three samples: 2 ppm 2-naphthol, 2-naphthol
(premixing sample), 2-naphthol after 4-5 min of mixing.
3.2.2 The electric field blank experiment
Step2: in this experiment, 0.6 V was applied to the gold working electrode in the
absence of SDS to monitor the change in 2-naphthol concentration in the presence of the
electric field. The investigation of other variables that might result in decreasing in 2naphthol concentration was conducted. One way to achieve this was to see whether the
applied potential is destroying 2-naphthol or causing 2-naphthol to be adsorbed onto the
gold surface. The same setup that was used in the control test experiment was performed
in this step, except for the presence of the electric field. The experiment began using 2
ppm 2-naphthol solution prepared in 1 mM of Na2SO4. First, 0.6 V vs. Ag/AgCl was
applied to the gold working electrode for 45 minutes. Then, an aliquot of the solution
containing 2-naphthol solution was taken while the cell was on and injected into the
HPLC for 2-naphthol peak area determination. The peak area of the 2-naphthol was
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compared to the one taken during the control test experiment and they were statistically
the same. Higher voltages are to be avoided because the aromatic compounds with
hydroxyl functional groups start oxidizing at 0.7 V [30]. To prove this hypothesis, the
same experiment was performed at an applied potential of 0.8 V vs. Ag/AgCl using 40
mL of 2 ppm 2-naphthol prepared in 1 mM of Na2SO4 with the same column setup. Next,
0.8 V vs. Ag/AgCl was applied to the gold working electrode for 45 minutes. After 45
minutes of the applied potential, there was about 20% decrease in 2-naphthol
concentration under 0.8 V of applied potential. However, it could be concluded that the
potential being applied at 0.6 V for 45 minutes was not destroying 2-naphthol or causing
the 2-naphthol to be adsorbed onto the gold surface (Figure 13). Contrarily, the potential
being applied at 0.8 V for 45 minutes resulted in about 20% decrease in 2-naphthol
concentration (Figure 14). Moreover, two other types of supporting electrolytes and water
(1 mM KNO3 and 1mM sodium phosphate buffer of pH7) were used in this step at 0.6 V
of applied potential to investigate the effect of using other electrolytes. However, as
shown in Figure 15, changing the supporting electrolyte had no significant effect on 2napthol concentration. KNO3 is a good supporting electrolyte but in this case, it was not
used, because it was observed when adding KNO3 to SDS solution, at higher
concentrations of KNO3, this caused SDS to precipitate. However, these observations
were not noticed with the other supporting electrolytes.
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Figure 13. 2-naphthol destruction test: 1: 2 ppm of 2-naphthol, 2: 2-naphthol with no
potential applied, 3: 2-naphthol at 0.6 V for 45 minutes.
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Figure 14. 2-naphthol destruction test: 1: 2 ppm 2-naphthol, 2: 2-naphthol with no
potential applied, 3: 2-naphthol at 0.8 V for 45 minutes.
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2 ppm 2-naphthol with different electrolytes
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Figure 15. The effect of using different electrolytes on 2-naphthol concentration with an
applied potential of 0.6 V vs. Ag/AgCl.
3.2.3 Preconcentration experiment
The aim of this experiment was to achieve DS surfactant monolayer formation
via the attraction of the polar site of the DS “sulfate group” to the net positively charged
gold substrates. As described previously, the DS layer may extract and preconcentrate 2naphthol via hydrophobic interactions that occur between the side chain of hydrocarbon
tail and the 2-napthol aromatic rings (Figure 16).
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Preconcentration experiment with 2 ppm 2-naphthol
and 4 mM of SDS
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Figure 16. The preconcentration experiment of 2 ppm 2-naphthol and 4 mM SDS at 0.6 V
vs. Ag/AgCl; where A: 2 ppm of 2-naphthol, B: Control test, C: Preconcentration at an
applied potential of 0.6 V, D: Releasing stage when the cell was turned off, and E:
Rinsing with 10 mL of 70% methanol.
Firstly, the preconcentration procedure was performed with 2 ppm 2-naphthol and
4 mM SDS at 0.6 V vs. Ag/AgCl. In comparison to the initial concentration of 2 ppm 2naphthol at the beginning of this experiment, there was a 12% drop in 2-naphthol
concentration from stage A to Stage B which was due to the residual volume of water that
was left after each experiment (discussed earlier). Also, as discussed earlier, there was
almost no significant change in 2-naphthol concentration (less than 2%) in the presence
of the electric field at 0.6 V. Meanwhile, after 45 minutes at this applied potential, there
was a 20% drop in 2-naphthol concentration at the extraction stage C compared to the
previous stage B. This drop was attributed to the adsorption of 2-naphthol onto the DS
surfactant monolayer which was already being formed via the attractive forces that
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occurred between the positively charged gold surface and the negatively charged DS.
However, stage D involved no change in 2-naphthol concentration after applying -0.6 V
vs. Ag/AgCl to the gold working electrode and turning the cell off. Next, the solution was
completely drained out of the column. Next, 10 mL of 70% methanol was used to remove
the remaining amount of 2-naphthol that was trapped between the gold substrates during
the preconcentration stage C. It was found that about 20% of the 2-naphthol was trapped
between the gold substrates which was the same amount of 2-naphthol that was lost
during the preconcentration stage C.
Furthermore, another preconcentration experiment was performed using 2 ppm 2naphthol and 6 mM SDS at an applied potential of 0.6 V vs. Ag/AgCl to see whether the
increase of SDS concentration would improve the formation of the DS surfactant
monolayer on the gold working electrode as well as increase the adsorption of 2-naphthol
on DS surfactant monolayer. It was found that increasing the SDS concentration did not
improve the DS surfactant monolayer formation nor 2-naphthol adsorption (Figure 17).
Nevertheless, another two preconcentration experiments were performed using surfactant
concentration above the CMC, 16 mM and 32 mM SDS at an applied potential of 0.6 V
vs. Ag/AgCl. No improvement was observed. However, this may be because the DS layer
is not stable enough to hold much of the analyte, 2-naphthol. In other words, the binding
strength of the negatively charged surfactants to the positively charged gold surface is not
strong enough to be used as a solid phase system for analyte preconcentration. Burgess et
al. reported the standard free energies for this system. They calculated the Gibbs energy
of the SDS adsorption is -40 kJ/mol. This suggests that SDS is weakly chemisorbed to the
Au (111) substrates [28].
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Preconcentration experiment with 2 ppm 2-naphthol
and 6 mM of SDS
RELATIVE PEAK AREA

1.2
1

A

B

C

D

E

0.8
0.6
0.4
0.2
0

2 ppm 2-naphthol

Control test

Releasing when cell off

Preconcentration
Rinsing with MeOH 70%

Figure 17. The preconcentration experiment of 2 ppm 2-naphthol and 6 mM SDS at 0.6 V
vs. Ag/AgCl; where A: 2 ppm of 2-naphthol, B: Control test, C: Preconcentration at an
applied potential of 0.6 V, D: Releasing stage when the cell was turned off, and E:
Rinsing with 10 mL of 70% methanol.
3.3 Anthracene control experiment
Anthracene was used as a substituted test molecule instead of 2-naphthol because
anthracene has no functional group that is easily oxidized (anthracene is more
hydrophobic than 2-naphthol). Therefore it may be possible to increase the potential
applied to the gold working electrode and see how this would improve the DS surfactant
monolayer. A working standard solution of 0.01 ppm anthracene was prepared from the
aqueous stock solution of 0.04 ppm anthracene and added to a 300-mL beaker contained
10 nickel gold-coated pieces (3 x 4 cm2). An aliquot of the solution containing anthracene
solution was taken and injected into the HPLC every 10 minutes during a two-hour test.
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However, it was found that after two hours, almost all the anthracene was adsorbed onto
the gold substrates (Figure 18). The reason behind this phenomenon is that the outer
electrons for noble metals such as gold and silver experience s-d orbital hybridization
which increases the mobility of these electrons and make them more active and also
facilitates the formation of chemical bonds between noble metals and the target analyte,
anthracene. Next, nickel gold-coated plates were rinsed four times with a total of 200 mL
of 70:30 methanol and water (each rinse 50 mL) and an aliquot of this solution was
injected into the HPLC after each rinse for the determination of bound anthracene
concentration. Next, mass balance measurements were performed to calculate the amount
of anthracene that was recovered and compared to the starting amount of the anthracene
at the beginning of this experiment. Almost all of the anthracene about 96%, which was
adsorbed onto the gold substrates was successfully recovered (Figure 19). The
propagation of error for this measurement ranged from 1-4%.

Anthracene adsorption on gold substrates
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Figure 18. Anthracene adsorption onto gold substrates during the two-hour test.
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Figure 19. Mass balance measurements for anthracene adsorption onto gold substrates.
The same procedure was performed with 10 bare nickel pieces "uncoated nickel"
(3 x 4 cm2) to monitor the adsorption of anthracene on bare nickel and was compared to
the previous experiment using nickel coated with gold. An aliquot of the solution
containing anthracene solution was taken and injected into the HPLC every 10 minutes
during a two-hour test. However, as shown in Figure 20, it was found that after two
hours, there was only 25% drop in anthracene concentration due to the adsorption of
anthracene onto nickel substrates. Next, the anthracene was rinsed four times from nickel
plates with a total of 80 mL of 70:30 methanol and water (each time 20 mL), then an
aliquot of this solution was injected into the HPLC for the determination of anthracene
concentration. As noticed in this experiment, instead of using 200 mL, 80 mL were used
to rinse the anthracene which was adsorbed onto nickel. Because only 25% of anthracene
was adsorbed onto nickel, and anthracene was not sticking to the nickel as strongly as to
41

the gold substrates, so there was no need to use a large volume to recover the adsorbed
anthracene from the nickel substrates. Next, mass balance measurements were performed
to calculate the amount of anthracene that was recovered and compared to the starting
amount of the anthracene at the begging of this experiment. All the anthracene (about
25% of the original), which was adsorbed onto the nickel substrates, was successfully
recovered (Figure 21). The propagation of error for this measurement ranged from 1-4%.
As a consequence, from these anthracene adsorption experiments with either gold or
nickel substrates, it could be concluded that anthracene cannot be used for the purpose of
this thesis’s analyte preconcentration concept because it adsorbs well to the gold without
applying potential.
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Figure 20. Anthracene adsorption onto nickel substrates during the two-hour test.
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Figure 21. Mass balance measurements for anthracene adsorption onto nickel substrates.
3.4 9-Anthracenecarboxylic acid control experiment
In addition to anthracene, 9-anthracenecarboxylic acid was also used as a
substituted test molecule instead of 2-naphthol to see the effect of the carboxylic acid
group at position 9 on its adsorption on gold substrates and compare it to the adsorption
of anthracene on gold substrates. A working standard solution of 0.01 ppm 9anthracenecarboxylic acid was prepared from the aqueous stock solution of 0.04 ppm 9anthracenecarboxylic acid. An aliquot of the solution containing 9-anthracenecarboxylic
acid solution was taken and injected into the HPLC every 20 minutes during a two-hour
test. However, it was found that after two hours about 51% of 9-anthracenecarboxylic
acid was adsorbed onto the gold substrates (Figure 22). Compared to the anthracene
(about 96% adsorbed), 9-anthracenecarboxylic acid has less affinity to the gold substrates
due to the existence of -COOH group at position 9 which changes the electron density of
9-anthracenecarboxylic acid and results in less adsorption on the gold substrates. Next,
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the 9-anthracenecarboxylic acid was rinsed from nickel gold-coated plates four times
with a total of 200 mL of 70:30 methanol and water (each rinse 50 mL) then an aliquot of
this solution was injected into the HPLC after each rinse for the determination of 9anthracenecarboxylic acid concentration. Next, mass balance measurements were
performed to calculate the amount of 9-anthracenecarboxylic acid that was recovered and
compared to the starting amount of the 9-anthracenecarboxylic acid at the beginning of
this experiment. It could be said that all the 9-anthracenecarboxylic acid about 51%,
which was adsorbed onto the gold substrates, was successfully recovered (Figure 23).
The propagation of error for this measurement ranged from 1-4%.
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Figure 22. 9-anthracenecarboxylic acid adsorption onto gold substrates during the twohour test.
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Mass balance measurements for 9Anthracenecarboxylic acid adsorption onto gold
substrates
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Figure 23. Mass balance measurements for 9-anthracenecarboxylic acid adsorption onto
gold substrates.
3.5 The process of Monel coated with Gold: scanning electron microscope SEM
images
Activation of the Monel surface required a trial and error approach due to the very
corrosive nature of the activation solution. Figure 24 illustrates the aftereffect of
overexposure for 5 seconds to the activation solution when referenced to the new material
(Inactivated Monel alloy). The left side of Figure 25 illustrates the corrosive nature of the
activation solution. It was found that a five-second exposure resulted in a dramatic loss of
surface area of the Monel alloy. In contrast, as shown in the right side of Figure 25, three
consecutive immersions that lasted a total of 3 seconds were successful to remove the
oxides from the surface of the Monel mesh. When this referenced to a new inactivated
Monel alloy (Figure 26), a three-second activation method is sufficient enough to remove
the oxide for electrodeposition and still preserve the surface area of the Monel alloy
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substrate. However, it should be noted that there is less cross section of the Monel alloy
wire after activation. Calculations indicate a reduction in wire diameter by approximately
2.4×10-5 m via studies with SEM
Successful electrodeposition of gold on Monel alloy is illustrated in Figure 27. In
SEM studies Monel gold-coated returns a higher signal and brightness than that of the
original alloy. Wire diameter comparisons between plated and unplated material indicate
a larger diameter wire on the gold plated material; this suggests restoration of the wire’s
original diameter in addition to a slight increase resulting from the gold deposition. It
should be noted, however, that Figure 27 could be misleading from a straightforward
interpretation, this is due to the high signal return from the gold. Less shadowing is
observed in the Monel gold-coated, so the edges of the wire are more pronounced and
defined. The uncoated Monel alloy has more shadowing due to a lower return signal, so
the outside edge of the wire boundary is more obscured limiting the observations to a
more qualitative nature than quantitative. However, elemental analysis was performed for
the two spots which are marked as area 1 (un-coated Monel alloy) and as area 2 (Monel
gold-coated) in Figure 27. In Figure 28, the elemental analysis for area 1 represents a
higher nickel abundance. Higher gold abundance was observed from area 2 due to the
existence of a gold layer on Monel alloy. Activation solutions consisting primarily of HCl
were unsuccessful in properly preparing the substrate for electrodeposition of gold.
Concentration ranges of HCl were evaluated at 50%, 80%, and concentrated. Results of
this activation and plating process produced lustrous, but very fragile plating that would
rub off of the Monel with the most delicate of touch. This was sufficient evidence to
prove failed chemical activation of the Monel substrate. This also suggested that the gold
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layer was formed via the nucleation–coalescence mechanism due to improper bonding to
the Monel substrate. SEM analysis was not conducted on the specimens in which plating
was unsuccessful.

Figure 24. Inactivated Monel and overexposure to the activation solution.

47

Figure 25. Monel alloy emersion time in activation solution.

Figure 26. Top: 3 seconds activation; Bottom: Original Monel alloy mesh.
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Figure 27. Monel gold-coated (left); Un-coated Monel alloy (right).

Figure 28. Elemental analysis of areas (1) and (2) in Figure 27.
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3.5.1 Eventual failure of Monel column material following multiple electrochemical
experiments.
The content of the highly corrosive activation solution that was necessary to
prepare Monel alloy for gold deposition demonstrates its natural ability to withstand
acidic and electrochemical attack. The resulting gold plated Monel was a column material
capable of supporting electrochemical analysis within the redox potentials of gold. These
potentials are dependent on concentration and composition of the electrolyte as well as
the physical conditions of the chemical system. Testing potentials for electrochemical
analysis were ±1 V. These potentials were within referenced values of cited literature
[31].
Assembled column material produced consistent electrochemical data for
approximately 3-4 months. The daily number of the conducted tests were 3-4 tests on
average. Change in column performance characteristics was abrupt and pronounced and
was consistent with an acute failure in the column material. This material failure was an
unanticipated setback and studies were conducted to determine the nature of the loss of
the column function. SEM studies in Figure 29 revealed the extent of corrosion damage
on the Monel column. Upon closer inspection, Figure 30 revealed excessive fracturing
and peeling of the gold layer in addition to exposed Monel alloy showing evidence of
substantial corrosion. Elemental analysis was performed on the very same SEM image of
Figure 30. Integration data of the elemental analysis was commensurate to the area
sampled within the numbered boxes. The red numbers correlate to their respective
integrations found below (Figure 31). Integration data from area 1 corresponding to
Figure 32, identified gold that was still intact and bonded with the Monel alloy. While,
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area 2 represents the exposed area of the Monel alloy. The isolated nickel and copper
peaks, suggest the common nickel and copper composition percentages indicative of
Monel alloy. Whereas, area 3 and area 4 were elemental studies of the corrosion itself.
Elemental analysis of these two areas revealed a high carbon and oxygen content in
addition to nickel and copper. The high presence of carbon is substantial proof of
polymerization of the primary surfactant (SDS) utilized in the electrochemical test carried
out with the column. The high oxygen content found within the polymerizations is strong
evidence suggesting ligand formation (hydrates). These coordination complexes are
commonly found within the hydrated crystalline constructs of CuSO4 and NiSO4. Both of
these hydrated crystalline compounds are greenish blue in appearance. This was the color
of the visible corrosion found on the column material after disassembly and before
analysis with electron microscopy (Figure 33).

Figure 29. SEM image of the corrosion field of the Monel alloy.
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Figure 30. Plating fracture and exposed Monel alloy.

Figure 31. SEM image marked with integration data of the elemental analysis of Monel
column material.
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Figure 32. Elemental analysis of areas (1, 2, 3, and 4) in Figure 31.

Figure 33. The visible corrosion of the column material after disassembly and before
analysis with SEM.
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3.6 The process of nickel coated with gold: scanning electron microscope SEM
images
As shown in Figure 34, two distinctive areas were shown. The bright area
represents the nickel gold-coated, and the brightness of this area was due to the gold layer
on which was plated nickel. Whereas, the uncoated nickel mesh areas had less brightness
than the gold-coated areas. However, another SEM image was taken for bare nickel mesh
(Figure 35). In addition, the elemental analysis for the bare nickel was performed to see
what other possible elements may exist in bare nickel mesh. It was observed that this
nickel mesh consisted of about 99.8% nickel and less than 0.2% impurities that can be
ignored (Figure 36), and no gold amount was observed.

Figure 34. SEM image for nickel gold-coated and uncoated nickel mesh.
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Figure 35. A magnified SEM image for the uncoated nickel mesh at 5kX using SEI
mode.

Figure 36. Elemental analysis of area (1) in Figure 35.
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However, the first attempt to make sure that the plating procedure was successful,
a quick wiping test was done using a tape. After the wiping test, it could be said that the
coated gold was successfully plated on nickel and did not come off. Furthermore, SEM
images were taken for further investigations. In addition, SEM images were taken using
two different SEM modes: Secondary Electron Imaging mode (SEI) and Backscattered
Electron Imaging (BEI) mode. However, in the SEI mode, the SEM images can be
obtained with a highly topographical and high-resolution picture. In contrast, SEM
images that obtained by BEI mode contain less topographical information. Additionally,
the benefit of using BEI mode is to obtain more information about the elemental contrast,
unambiguous observation of the gold coating (a uniform gold coating), and the capability
of determining any possible defects in the gold coating. As shown in Figure 37, the SEM
image was taken at 5kX magnification using SEI mode, the bright areas represent the
condensed gold areas while the gray areas have less gold coating. Elemental analysis was
performed for the two spots which are marked as area 1 and as area 2 in Figure 37. Figure
38, the elemental analysis for areas 1 and 2, higher gold abundance was observed for area
1 due to the existence of a gold layer on nickel in this area. In contrast, the elemental
analysis for area 2 represents smaller nickel abundance peak. This was due to the
existence of a condensed gold coating on the top of nickel. Likewise, another SEM image
was taken at 5kX magnification using BEI mode for the topographical comparison and
the investigation of possible defects in the gold coating (Figure 39). However, no defect
was observed and the nickel plates were uniformly coated with gold. Finally, the last
SEM image was taken at 20kX magnification using SEI mode for further topographical
investigation (Figure 40). According to the obtained SEM's images, it could be concluded
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that the gold was successfully plated onto nickel substrates to be used for analyte
preconcentration procedure.

Figure 37. SEM image for nickel coated with gold at 10kX using SEI mode.

Figure 38. Elemental analysis of areas (1) and (2) in Figure 37.
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Figure 39. SEM image for nickel coated with gold at 5kX using BEI mode.

Figure 40. SEM image for nickel coated with gold at 20kX using SEI mode.
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3.6.1 The evaluation of nickel gold-coated column
After more than 18 months of using nickel gold-coated column, SEM images
were taken for the investigation of the robustness of gold coating. As shown in Figure 41,
a SEM image was taken at 1kX using SEI mode. It was seen that there were two
distinctive areas (marked in a red square). The area marked in Figure 41 was magnified
5kX for further investigation (Figure 42). The elemental analysis for the areas 1, 2, and 3
marked in Figure 42 was performed (Figure 43). As shown in Figure 43, the elemental
analysis for area 1 revealed that there was no gold. This might be due to the friction
which resulted from the rolling of the nickel gold-coated column when there was a need
to take the column apart and clean it with methanol. Also, it might be due to the use for a
long period. While, the analyses of area 2 and 3, confirm the existence of gold coating.
The analyses of these areas represent smaller gold abundance peaks. This was also due to
the use of the nickel gold-coated column for a long period which causing the gold coating
layer to be attenuated and get thinner. Overall, according to SEM results, the performance
of the nickel gold-coated column was effective even after 18 months of usage.
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Figure 41. SEM image after 18 months for a used nickel gold-coated column at 1kX
using SEI mode.

Figure 42. A magnified SEM image at 5kX for the area marked in Figure 41 using SEI
mode.
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Figure 43. Elemental analysis of areas (1, 2, and 3) in Figure 42.
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4. Conclusion
As a conclusion, micelles, admicelles, and hemimicelles are surfactant formations. It is
important to note that solid-phase extraction is the most popular sample preparation
method which is used for concentration, purification, and separation of the analyte. It is
vital to note that the first stage of adsorption is determined by the nature of the head
group. A significant point that the formation of DS surfactant monolayer (hemimicelle
layer) on the positively charged gold substrates (planar gold) followed by the adsorption
of 2-naphthol on this layer was monitored using capacitance measurements. Aiming for
the high surface area, gold was coated on the various materials (woven Monel alloy and
porous nickel). SEM was used for the investigation of gold plating. The nickel goldcoated column was exploited for the analyte preconcentration procedure. The
preconcentration experiments were performed using various concentrations of SDS (4, 6,
16, and 32 mM) with 2 ppm 2-naphthol at an applied potential of 0.6 V vs. Ag/AgCl.
Based on the HPLC results, a 20% drop in 2-naphthol concentration was observed at the
extraction stage attributed to the adsorption of 2-naphthol onto DS surfactant monolayer.
However, various control experiments were conducted in the absence of both an electric
field and SDS to see whether there is a reduction in 2-naphthol concentration. In addition,
electric field blank experiments were conducted at an applied potential of 0.6 V vs.
Ag/AgCl. The used of an electric field at higher potentials resulted in a 20% drop in 2naphthol concentration. Finally, anthracene and 9-anthracenecarboxylic acid were used as
substituted test molecules instead of 2-naphthol. They both stuck too well to the gold
substrates even with the absence of an electric field. As a conclusion, the electrical
control of DS surfactants on gold surfaces for the analyte preconcentration prior
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chromatographic analysis was not successful in preconcentrating the tested organic
analytes.
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